The critical supersaturations required for the homogeneous nucleation ͑rate of 1 drop cm Ϫ3 s
I. INTRODUCTION
Nucleation is one of the most ubiquitous and important phenomena in science and technology. It plays a role in materials science and metallurgy, crystal growth and chemical processing, aerosol formation, cavitation, crack propagation, quality control, turbine design, wind tunnels, atmospheric science, and cosmochemistry. [1] [2] [3] [4] Vapor phase homogeneous nucleation involves the decay of a metastable state, i.e., a supersaturated vapor, by the spontaneous occurrence of large thermal fluctuations, that is, through the formation of droplets of the liquid phase. Droplets that are larger than a critical size grow, and thus the stable phase results. The supersaturation at which the metastable state collapses and the nucleation rate increases explosively is known as the critical supersaturation. The experimental studies of homogeneous nucleation are usually concerned with two fundamental measurements. These are the determination of the temperature dependence of the critical supersaturation for the onset of nucleation and the determination of the temperature and supersaturation dependences of the rate of nucleation. 5, 6 There is currently an enormous growth of interest in studying the the vapor phase homogeneous nucleation for different classes of substances. [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] This interest is due in part to the need for comparing experimental data with predictions from different nucleation theories in order to develop an adequate quantitative theory. In addition, these measurements are important in determining the nucleating ability of different vapors and the conditions of their participation in the formation of ultrafine aerosols.
The most popular theory of homogeneous nucleation of a liquid from its vapor is known as the classical nucleation theory ͑CNT͒. [1] [2] [3] [4] This theory is based on the capillarity approximation which treats the nucleus for condensation as a small fragment of a bulk liquid with the same macroscopic properties such as surface tension and density. Although the CNT has provided significant progress in qualitatively understanding the factors that control the formation of the new phase, it fails to provide a consistent molecular picture of the nucleation process as well as quantitative predictions of the rate of nucleation as a function of temperature and supersaturation. Several models have been suggested to improve the theory, but in most cases, they have retained the capillarity approximation. [23] [24] [25] [26] [27] [28] Other significant developments based on density functional theory, kinetic molecular theory, statistical mechanics, and molecular simulation methods have been proposed in recent years. [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] Several useful reviews on the recent developments of nucleation theories are available in the literature. 35, 43, 44 Systematic studies of homogeneous nucleation of different classes of compounds with a variety of molecular properties are desirable in order to test nucleation theories. Such studies can also provide insight into the role of different molecular properties in the nucleation process. This information is necessary in order to develop scaling laws for homogeneous nucleation which are not dependent on any particular form of the theory. In this way, general patterns in nucleation behavior can be revealed that cannot be seen on the basis of a substance-by-substance comparison between experiment and theory. Toward this goal, we have examined the homogeneous nucleation of the nonpolar substances SiCl 4 , SnCl 4 , and TiCl 4 . [12] [13] [14] In these systems, the experia͒ Author to whom correspondence should be addressed.
mental critical supersaturations (S c ) required for the onset of nucleation ͑rate of 1 drop/cm 3 /s͒ agree within a few percent with the predictions of the CNT. However, when the experimental results are compared among the series using a suitable dimensionless form, it becomes clear that TiCl 4 shows a different behavior compared to the other tetrachlorides CCl 4 , SiCl 4 , and SnCl 4 . We have also studied the homogeneous nucleation of the highly polar substances, acetonitrile, benzonitrile, nitromethane, and nitrobenzene where the dipole moments range from 3.5-4.4 D. 9, 10 The experimental results of this series reveal significant disagreements with the predictions of the CNT. The supersaturated vapors of these compounds are found to be more stable with respect to condensation than those of the weakly polar or nonpolar substances which are well described by the CNT.
In the present study, we investigate the vapor phase homogeneous nucleation of a series of hydrogen bonding substances, namely ethylene glycol, propylene glycol, trimethylene glycol and glycerol. These substances are characterized by strong hydrogen bonding interactions in the liquid phase and a strong tendency to supercool and vitrify at low temperatures into rigid glasses. They are also convenient media for various spectroscopic studies of biological molecules and they play important roles ͑particularly glycerol͒ in biological systems. Furthermore, these compounds are common working fluids in many technological processes, and it is important to measure the conditions ͑temperature, pressure, supersaturation͒ under which liquid droplets can be generated by homogeneous nucleation and growth from their supersaturated vapors.
The objectives of this work are to report the experimental data for the temperature dependence of the critical supersaturations of glycols and glycerol and to compare the results with the predictions of the CNT. Furthermore, we also analyze the experimental results in terms of corresponding states and scaling models for homogeneous nucleation in order to allow comparison with other structurally related substances.
II. EXPERIMENT
The present data were obtained using an upward thermal diffusion cloud chamber ͓see Fig. 1͑a͔͒ . The general description of this device and the details of its operation are available elsewhere. 9 The onset of nucleation is determined by observing the forward scattering of light from drops falling through a horizontal He-Ne laser beam positioned near the middle of the chamber. These drops originate near the elevation at which the maximum ͑peak͒ supersaturation occurs ͑ϳ0.7 reduced height͒. A measurement consists of setting the temperatures of the top and bottom plates so that the chamber is barely nucleating at a rate of 1-3 drops cm Ϫ3 s
Ϫ1
. Under these conditions, measurements are made of the total pressure P t , the temperature of the evaporating pool T 0 , and the temperature of the upper plate T 1 . The temperatures of both plates are then decreased ͑or increased͒ by about 5°C and the measurement is repeated. To insure reproducibility each measurement was repeated at least three times. In order to eliminate the interference from ion nucleation resulting from cosmic ray or natural radioactive sources, the measurements are performed with a constant electric field of 40 V/cm applied between the chamber plates.
All chemicals were obtained from Aldrich with stated purity of at least 99% and were degassed repeatedly by the freeze-pump-thaw method and transferred to the cloud chamber through a vacuum line. The carrier gas was research grade helium ͑99.999% pure͒.
III. RESULTS AND DISCUSSION
The chamber parameters T 0 , T 1 , and P t at which a steady nucleation rate of 1-3 drops cm Ϫ3 s Ϫ1 occurs for ethylene glycol, propylene glycol, trimethylene glycol, and glycerol are listed in Tables I-IV, respectively. In all the  experiments reported in Tables I-IV, no visible convection was observed in the chamber and the total vapor density was a monotonically decreasing function of chamber height.
The thermophysical properties needed to solve the boundary value problem associated with heat and mass flux in the chamber to obtain the supersaturation and temperature profiles are given in Table V . [45] [46] [47] [48] [49] Based on the estimated errors in the thermophysical properties and the uncertainty in measuring T 0 , T 1 , and P t , we estimate the overall error in the experimentally determined supersaturation as 4%-6%.
An example of the dependence of supersaturation, temperature and partial pressure on elevation within the chamber is given in Fig. 1͑b͒ Because of the low vapor pressures of the studied compounds, it was not possible to examine the effect of carrier gas pressure on the nucleation rate over a wide temperature range without introducing convection effects which limit the window of stable operation of the cloud chamber. Therefore, measurements were carried out at different carrier gas pressures only over a limited temperature range. In these experiments, a small and reproducible increase in the critical supersaturation was observed with an increase in the carrier gas ͑helium͒ pressure. The pressure effect was more pronounced at lower temperatures and was most significant for glycerol in comparison to the three glycol compounds. An example of TABLE I. Measured data for each experiment for ethylene glycol. T 0 , the temperature of the pool surface in Kelvin; T 1 , the temperature of the top plate in Kelvin; P t , the total pressure in kPa; S max , the maximum supersaturation in the chamber; T (S max ) , the temperature at S max , and P t / P 0 is the pressure ratio in the chamber where P 0 is the equilibrium vapor pressure of ethylene glycol at T 0 . TABLE II. Measured data for each experiment for propylene glycol. T 0 , the temperature of the pool surface; T 1 , the temperature of the top plate in Kelvin; P t , the total pressure in kPa; S max , the maximum supersaturation in the chamber; T (S max ) , the temperature at S max , and P t / P 0 is the pressure ratio in the chamber where P 0 is the equilibrium vapor pressure of propylene glycol at T 0 . TABLE III. Measured data for each experiment for trimethylene glycol. T 0 , the temperature of the pool surface in Kelvin; T 1 , the temperature of the top plate in Kelvin; P t , the total pressure in kPa; S max , the maximum supersaturation in the chamber; T (S max ) , the temperature at S max , and and P t / P 0 is the pressure ratio in the chamber where P 0 is the equilibrium vapor pressure of trimethylene glycol at T 0 . this effect on the critical supersaturation of glycerol is shown in Fig. 6 . The effect of carrier gas pressure on the homogeneous nucleation of several compounds ͑apparent decrease in the nucleation rate with an increase in carrier gas pressure͒ was observed in DCC experiments reported by several groups. [50] [51] [52] In those experiments the observed pressure effect increased with decreasing temperature or with increasing molecular weight of the condensing vapor. The present data on glycerol ͑Fig. 6͒ are consistent with the previously reported trends. It is interesting, however, to note that no effect of carrier gas pressure has been observed on the homogeneous nucleation rates measured in expansion cloud chambers 7, 8, 53 or by Laval nozzle expansions. 54 It is generally assumed that the role of the carrier gas in the nucleation process is only the thermalization of the embryonic droplets. In the limit of very low carrier gas pressures, the latent heat of condensation cannot be easily re-TABLE IV. Measured data for each experiment for glycerol. T 0 , the temperature of the pool surface in Kelvin; T 1 , the temperature of the top plate in Kelvin; P t , the total pressure in kPa; S max , the maximum supersaturation in the chamber; T (S max ) , the temperature at S max , and P t / P 0 is the pressure ratio in the chamber where P 0 is the equilibrium vapor pressure of glycerol at T 0 . 
T b , the normal boiling point in K; D 12 , the binary diffusion coefficient at 273 K, and 101.3 kPa; s, the exponent of the temperature dependence; a, the thermal diffusion factor; ⌬H vap , the enthalpy of vaporization at the normal boiling point in cal/mol; d, the density of the liquid in g/cm 3 ; P e , the equilibrium vapor pressure in kPa;
, the surface tension in dyn/cm; C p , the isobaric specific heat of the vapor in J/mol K; , the viscosity of the vapor in poise; , the thermal conductivity of the vapor in cal/cm s K. moved from newly formed clusters and this should lead to higher critical supersaturations. At intermediate pressure range ͑typically in the range of several Torr͒, the removal of the heat of condensation is effective and further increase in the carrier gas pressure should have no effect on the thermalization of the clusters. In fact, theoretical calculations suggest that the thermalization effect of the carrier gas is unmeasurably small in typical homogeneous nucleation experiments. 55, 56 Furthermore, by treating the nucleation process in the presence of a carrier gas as a binary system, Oxtoby and Laaksonen have arrived at the conclusion that the effect of the carrier gas pressure on both the rate and the critical supersaturation is very small. 57 In addition, recent analysis by Kashchiev has confirmed the conclusion of Oxtoby and Laaksonen by showing that the effect of the carrier gas is relatively small when the total pressure is not much greater than the atmospheric pressure. 58 Considering that significant pressure effects on the nucleation process have been observed in the DCC experiments which could not be explained by nonideality and Poynting effects, 59 one must consider the effect of pressure on the growth of the nuclei into macroscopic droplets which are usually detected by light scattering in order to count the nucleation events. We have investigated this effect by solving the equations of motion and growth of the droplets within a DCC and the details of the calculations are reported elsewhere. 60 Here, we only present the main conclusions for the effect of total pressure on the time required for the growth of nuclei into detectable droplets.
It can be shown that increasing the carrier gas pressure slows down the rate of growth of the droplets within the high supersaturation region of the cloud chamber thus the droplets fall ͑due to gravity effects͒ before they have enough time to become detectable objects. Since the intensity of light scattered by the droplet is proportional to R 2 ͑where R is the radius of the droplet͒, it follows that at higher pressures droplets may not grow large enough that significant amounts of light are scattered. This could lead to an underestimation of the nucleation rates at higher pressures. An interesting possibility could arise if DCC nucleation experiments are conducted in a microgravity environment where the effect of gravity can be fully accounted for or eliminated. This will make it possible to increase the total pressure in the DCC while keeping the droplets within the region of maximum supersaturation for longer times. In this way, one can accurately examine the effect of increasing carrier gas pressure on the rate of nucleation.
A. Comparison with the classical theory
The prediction of the CNT for the dependence of S c on T is computed from
͑ SP e /RT͒ 2 exp͑ϪW*/RT͒, ͑1͒
where, J is the rate of nucleation ͑cm Ϫ3 s
Ϫ1
͒, a is a sticking coefficient and is set equal to 1, d is the liquid density, N A is Avogadro's number, is the flat surface tension of the liquid, M is the molecular weight, S is the supersaturation ratio ( P/ P e ) where P is the pressure of the vapor, and P e is the equilibrium or ''saturation'' vapor pressure at the temperature of the vapor T, and R is the gas constant. The central quantity in the rate equation is the barrier height W* which is given by
By setting Jϭ1 in Eq. ͑1͒ and using the literature values of the equilibrium vapor pressure, liquid density and surface tension ͑as listed in Tables V͒, the Table VI where we compare the experimental and theoretical S c for all the investigated compounds at four different temperatures within the range of the experimental measurements.
It should also be noted that critical supersaturations measured for other hydrogen bonding substances such as methanol, ethanol, and propanol show changes in the slope of the temperature dependence of the critical supersaturation different from the predictions of the classical theory with a crossover at some temperature which depends on the molecular size of the alcohol. [61] [62] [63] The present data for glycols and glycerol is consistent with that general trend previously observed although the magnitude and the sign of the temperature dependence effect are different from alcohol data.
Since the CNT predicts temperature dependences of S c for these systems which are significantly different from the experimental results, this raises the question of how the surface tension of the critical cluster compares to the bulk value. A significant decrease in the bulk surface tension at lower temperatures would be required to bring the CNT into agreement with the experimental results. This suggests that if the 65 Also, Georgy and Schug have found that a size dependent surface tension was required to bring cluster distributions predicted by the classical nucleation theory into agreement with the results of their Monte Carlo simulations of Lennard-Jones particles. 66 The dependence of droplet surface tension on curvature was examined using thermodynamic arguments by Tolman 67 and statistical mechanical theory by Kirkwood and Buff. 68 Based on their work, Abraham presented a simplified ''order of magnitude'' argument for the curvature dependence surface tension which can be written as where, (r) is the surface tension of a droplet of radius r, ͑ϱ͒ is the surface tension at zero curvature ͑rϭϱ͒, and ␦ is half the thickness of a molecular layer in the liquid. It should be pointed out, however, that the application of Eq. ͑3͒ to very small critical clusters may only be valid when 2␦/rӶ1. In order to investigate the effect of size-dependent surface tension, we used the following correction to the curvature dependent surface tension:
where r 1 is the radius of the monomer and r* is the radius of the critical cluster. Using this equation we obtained new expressions for the barrier height and the rate of nucleation. The critical supersaturations obtained using the curvature dependent surface tensions are shown in Figs. 7-10. It is clear from these figures that using the curvature dependent surface tension specified by Eq. ͑4͒ results in supersaturations much less than the experimental results. Of course, it is possible to consider r 1 in Eq. ͑4͒ as an adjustable parameter in order to obtain the best agreement with the experimental results. It is interesting to note that at lower temperatures the surface tensions of the critical clusters required to reproduce the experimental supersaturations are smaller than the bulk values. For glycerol, ethylene glycol, and propylene glycol, the experimental and theoretical curves of S c vs T cross each other at reduced temperatures corresponding to 0.48, 0.51, and 0.58, respectively. At these temperatures the corresponding critical nuclei contain 32, 69, and 103 molecules, respectively. We note that the cross over point occurs at lower T r for glycerol than for the other compounds. This may be related to the extent of hydrogen bonding which is expected to be stronger in glycerol since the molecule contains three available hydrogen bonding sites. If such a correlation exists, it would appear that increasing the extent of hydrogen bonding in the clusters may result in smaller critical clusters which can be described by a smaller surface tension parameter compared to the corresponding bulk value. Therefore, the observed cross over between the experimental and theoretical curves of S c vs T could be interpreted as a surface tension transition from bulk to cluster values. It should be mentioned that a similar behavior has been observed in the homogeneous nucleation of mercury which also nucleates at much lower supersaturations than is expected from the CNT. That behavior could be explained by noting that small clusters of mercury are distinctly nonmetallic, so that their effective surface free energy will be very different from that of metallic bulk mercury.
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B. Corresponding states correlation
Because of the approximate nature of the CNT, corresponding states and scaling laws are necessary in order to correlate trends in critical supersaturations with molecular properties. The sensitivity of vapor-to-liquid nucleation to small changes in thermodynamic properties suggests that nucleation of a simple fluid, all other things being equal, should be markedly different from the nucleation of a slightly different structured fluid. This can only be seen when the nucleation thresholds are expressed in a suitable dimensionless, corresponding states form. In this case, one can examine possible correlations between molecular properties and the critical supersaturations required to cause a vapor to condense. The nucleation behavior of simple fluids serves as a reference point from which the systematic deviations due to complex fluids can be revealed and easily associated with a particular molecular property.
McGraw 71 derived the following dimensionless form for the free energy maximum of nucleation, W*,
where
k B is Boltzmann's constant, and T r ϭT/T c . Equation ͑5͒ is based on Guggenheim's empirical correlations of the surface tension and the number density of the heavier rare gases and therefore is a good approximation for the reduced barrier height of simple fluids. For nucleation rates near unity ͑Jϳ1 ͒ W* lies between 50 and 70 k B T. The dependence of supersaturation on T r for simple fluids is shown in Fig. 10 as two solid curves for barrier heights of 50 and 70 k B T along with the experimental S c values for the studied compounds. It is interesting to note that the glycols ͑with the exception of glycerol͒ fall within the curves corresponding to simple fluid nucleation behavior. Similar observations have been found for other fluids such as NH 3 , CHCl 3 , and CCl 3 F and for associated vapors such as acetic and formic acids. McGraw pointed out that the corresponding states of the nucleation thresholds incorporates the effect of vapor association in an approximate way. This is because ⑀ 0 /k B T c is a universal constant for simple fluids and hence any increase in ⑀ 0 due to association must be accompanied by an increase in T c to keep ⑀ 0 /k B T c constant. This leads to a reduction in T r which would mean an increase in S c of the associated vapors to conform to the pattern of simple fluids. Figure 11 also compares the nucleation behavior of the glycols with the monohydroxy compounds ethanol, n-propanol, and isopropanol. It is clear that the critical supersaturation increases with increasing size of the alcohol. It is interesting to note that trimethylene glycol, propylene glycol, n-propanol, and isopropanol lie almost on the same curve. Table VII lists the Pitzer acentric parameters, dipole moments, and critical supersaturations at T r ϭ0.52 for the compounds shown in Fig. 10 . McGraw observed an increase in the critical supersaturation at a given reduced temperature with increasing the Pitzer acentric parameter, among a series of structurally related molecules. 71 This trend is evident in the experimental data shown in Fig. 10 . Glycerol which has the largest value of also exhibits the highest critical supersaturation and the smallest nucleus size.
The corresponding states results suggest different nucleation behavior for partially hydroxylated compounds than for completely hydroxylated compounds. The partially hydroxylated propylene and trimethylene glycols behave similarly to the corresponding alcohols, but ethylene glycol and glycerol are completely different. In these molecules the interaction is mainly H bonding and all the carbon sites carry OH groups. Within the critical clusters of propylene and trimethylene glycols the molecules interact via H bonds as well as by hydrophobic interaction.
The most prominent feature in Fig. 11 is the unique position of glycerol in comparison to the other glycols. The higher critical supersaturation of glycerol leads to quite small critical clusters ͑20-50 molecules at 300-400 K͒. This is consistent with the known tendency of glycerol to form more stable aerosols compared to the other glycols.
C. Scaled nucleation model
In this section, we analyze our results in terms of the scaled nucleation model developed by Hale. 72-75 For a nucleation rate of 1 cm Ϫ3 s
Ϫ1
, the scaling law is expressed as ln S c ϭ0.53⍀
where ⍀ is the excess surface entropy per molecule in the cluster and can be approximated by the Eotvos constant, K e , which is defined as
Hale pointed out that a more reliable value for ⍀ can be obtained from the temperature dependence of the surface tension according to
where is the liquid number density. In order to investigate the effect of the parameter ⍀ on the predictive ability of the scaling law, we used Eqs. ͑8͒ and ͑9͒ to calculate ⍀ for the studied compounds at a midrange temperature of our data. The results are given in Table VIII where ⍀ calculated from Eqs. ͑8͒ and ͑9͒ are referred to as ⍀ 1 and ⍀ 2 , respectively. Using these parameters, we calculated the critical supersaturation as a function of temperature using Eq. ͑7͒. The results as shown in Figs. 12-15 , indicate that the choice of ⍀ has a crucial effect on the calculated supersaturation. It is also evident that ⍀ 1 calculated from Eq. ͑8͒ does a relatively better job in predicting the critical supersaturation than ⍀ 2 does, with the exception of propylene glycol where ⍀ 2 appears to give supersaturations closer to the experimental values. The measured supersaturations can be used to extract values for ⍀ from Eq. ͑7͒. Figure 15 exhibits plots of ln S c vs ͓(T c /T)Ϫ1͔ 3/2 based on the experimental values of S c . The linearities of the plots are evident and from the slopes of the lines we calculate the ⍀ values which are listed also in Table VIII .
The most prominent feature in Fig. 16 is the grouping of the compounds in a similar fashion to that found with the corresponding states of simple fluids discussed in Sec. III B. Again, glycerol shows the highest supersaturation followed FIG. 15 . Critical supersaturation vs temperature as predicted from the scaling law using ⍀ 1 and ⍀ 2 for glycerol.
by ethylene glycol. Therefore the characteristic nucleation behavior of the glycerol is clearly seen from the two scaled models.
IV. CONCLUSIONS
͑1͒ The critical supersaturations required for the homogeneous nucleation ͑rate of 1 drop/cm 3 /s͒ of ethylene glycol, propylene glycol, trimethylene glycol and glycerol vapors have been measured over wide temperature ranges ͑e.g., 280-400 K͒ using an upward thermal diffusion cloud chamber. At lower temperatures the experimental nucleation rates are much higher than the predictions of the classical nucleation theory. Glycerol shows the best agreement between experiment and theory in the temperature range of 340-370 K. However, at lower temperatures ͑300-330 K͒ the measured critical supersaturations are lower than the predictions of the theory, which is the case with all the studied glycols.
͑2͒ A small apparent increase in the critical supersaturation with carrier gas pressure has been observed in the diffusion cloud chamber. This effect is more pronounced at lower temperatures and with increasing molecular weight of the condensing vapor. It is suggested that the pressure effect arises from the dynamics of growth and motion of the droplets and not from a pressure dependence of the kinetics of homogeneous nucleation.
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͑3͒
The results from corresponding states and scaled nucleation models indicate that the nucleation behavior of glycerol is quite different from other glycols. Glycerol requires higher critical supersaturations compared to the other glycols at the same reduced temperatures. This leads to quite small critical nuclei for glycerol ͑20-50 molecules͒. This result explains the well known tendency of glycerol to form stable aerosols. This behavior could also be related to the formation of strong hydrogen-bonding networks within the liquid droplets of glycerol.
͑4͒
The discrepancy between experiment and theory at lower temperatures may be explained by considering that the surface tensions of the critical clusters below certain temperatures are smaller than the bulk surface tensions. Further theoretical work is required in order to fully understand the observed phenomenon of higher nucleation rates of glycols and glycerol at lower temperatures. We are currently investigating the applications of other modified forms of the classical nucleation theory to hydrogen bonding substances such as glycols and glycerol. 32, [76] [77] [78] Future work will also involve Monte Carlo simulations of the molecular clusters of these systems. 79, 80 ͑5͒ To extend the range of operation of the diffusion cloud chamber for homogeneous nucleation measurements and for other applications including gas phase polymerization and nanocomposite materials, it is necessary to eliminate convection, wall effects and other instability factors. The microgravity environment appears to provide a unique opportunity in this regard. It is suggested to carry out homogeneous nucleation measurements in a diffusion cloud chamber within a high quality, long duration, microgravity environment. These measurements, in the absence of convection and gravity effects, would provide critical tests to the effect of carrier gas pressure which has been a source of controversy and thus would allow complete evaluation of the various theories of nucleation and growth. The microgravity environment would also provide new applications for the cloud chambers particularly in the control and design of novel composite materials produced by nucleation from the vapor phase.
